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e Introduce shocks

e Introduce Gkeyll and the field-particle
correlation

* Present shock results, including ion
and electron energization in phase
space




What is a shockwave?
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Parameterizing a Shock

In space and astrophysical plasmas, shocks are typically nonlinearly
steepened fast magnetosonic-whistler waves

Most important parameters for a shock: 8, Ms = Ushock /Vms, 0Bn

SOLAR WIND
N

ELECTRON-

FORESHOCK
ION-

QUASI-PERPENDICULAR

SHOCK QUASI-PARALLEL
n\ | . 'n.SHOCK
Bn | S 9 Bn
L R
< %
§ <\
S = o
~ EARTH 53
4 &
S i
e MAGNETOSPHERE 2%

MAGNETOPAUSE ——»



Magnetospheric Multiscale

’ ' .




In Situ MMS Data for Perpendicular (89.6°) Shock
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Gkeyll Simulation Framework



The Gkeyll (and Hyde) framework®
“It is one thing to mortify curiosity, another to conquer it.”

* The Gkeyll framework is flexible suite of solvers for plasma physics being developed
at the Princeton Plasma Physics Lab, UMD, Virginia Tech, and MIT

e Solvers include a finite volume method for equations written in conservative form
and a discontinuous Galerkin finite element method for systems of equations which
can be written in terms of a Poisson bracket

* Multiple Vlasov-Maxwell publications already:

+ P. Cagas, A. Hakim, J. Juno, B. Srinivasan, Continuum kinetic and multi-fluid simulation of a classical
sheath, Phys. Plasmas (2017).

+ P. Cagas, A. Hakim, B. Srinivasan, Nonlinear saturation of the Weibel instability, Phys. Plasmas (2017).

e J.Juno, A. H. Hakim, J. M. TenBarge, B. Dorland, E. L. Shi, Discontinuous Galerkin algorithms for
fully kinetic plasmas. JCP (2018).

* |. Pusztai, J. M. TenBarge, A. N. Csapo, J. Juno, A. Hakim, L. Yi, T. Ful6p, Low Mach-number
collisionless electrostatic shocks and associated ion acceleration, PPCF (2018)

» V. Skoutnev, A. Hakim, J. Juno, J. M. TenBarge, Temperature Dependent Saturation of Weibel Type
Instabilities in Counter-Streaming Plasmas, ApJL (2019)

* A. Sundstrém, J. Juno, J. M. TenBarge, and |. Pusztai. Effect of a weak ion collisionality on the
dynamics of kinetic electrostatic shocks, JPP (2019)

e |. Pusztai, J.. Juno, A. Brandenburg, J. M. TenBarge, A. Hakim, M. Francisquez, and T. Ful6ép. Dynamo
in weakly collisional non-magnetized plasmas impeded by Landau damping of magnetic fields, PRL
(2020)

A. Hakim and J. Juno, Alias-free, matrix-free, and quadrature-free discontinuous Galerkin
algorithms for (plasma) kinetic equations, Supercomputing (2020).

e A. Hakim, M. Francisquez, J. Juno, G. W. Hammett, Conservative Discontinuous Galerkin
Schemes for Nonlinear Fokker-Planck Collision Operators, JPP (2020)

*https://github.com/ammarhakim/gky!
https://gkyl.readthedocs.io/en/latest/



The discontinuous Galerkin finite element method

We choose to use the discontinuous Galerkin framework to discretize the full phase
space of the Vlasov-Maxwell system because it combines aspects of
-Finite elements: high order accuracy and ability to handle complicated
geometries

-Finite volume: locality of data and stability enforcing limiters
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The discrete Vlasov equation

 What does the discontinuous Galerkin discretization of the Vlasov equation look like?

dfs
(9]; tV- (st) + Vo <sts) =0
e Consider a phase space mesh 7 withcells K; € 7,5 =1,..., V.

e Then the problem formulation is, find f» € V},, such that for all K, € 7,

/w%dz+7{ w_n-]?‘dS—/ V.w-apfrdz =20
K; ot oK, K

Np
fu(z,t) =) Fu(tywn(z) Vi ={v:v|g, € P",VK; € T},

n

Conserves
Number density
Energy
L2 norm of the distribution decays monotonically

Cost Mitigation
Lua-JIT & C++
Computer algebra pre-generated kernels
MPI| + MPI-3 shared memory
Reduced and orthonormal basis sets




Field-Particle C



Field-particle correlations defined [Howes, Klein, & Li (2017)]
f—l—v Vef+EH(E+vxB)-V,f=0

Separation useful in
f=fo+of some cases but not
necessary

Multiply by mv2/2 and integrate to obtain the energy equation

%—VX :fdedV%m?)2 [_vaf—%(E—FVXB)VUf]

8W = [ [ dxdvs mv2 %{



Field-particle correlations defined [Howes, Klein, & Li (2017)]
L tv - Vof+ LE+vxB)-V,f=0

Separation useful in
f=fo+of some cases but not
necessary

Multiply by mv2/2 and integrate to obtain the energy equation
%_VX = [ [ dxdvimv? [—VXxf — L (E + V><B) - Vof]

%—VX = ffdxdv%mﬁ%—{

%—VX:—%fdedVUQE°VUf:QIdedVE°Vf=deJ-E



Field-particle correlations defined [Howes, Klein, & Li (2017)]

U tv Vof+L(E+vxB) - V,f=0

%—VX:—%fdedVU2E°VUf:C]fdedVE°Vf

= C’T(—qévvf, E)

The field-particle correlation: C(v,t, 1)

1+ N
Note that f or of
In discrete form C'(v,t;,7) = __Zq E Vo f; bgt?sec? or of can

= t(jAt) T = NAt,

Note that the time average is an optional procedure that is used to remove
oscillating, non-secular, energy exchange, which is very useful in turbulent

systems.



Field-particle correlations in turbulence [Klein et al JPP (2017)]
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The single point field particle correlation of a
3x2v gyrokinetic turbulence simulation. From
Klein et al JPP (2017)



Field-particle correlations in turbulence [Klein et al JPP (2017)]
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Weakly Collisional Perpendicular Shock Gkeyll Simulation

Motivated by MMS observation provided by Chen and Wang

Ms ES,B:BOZ
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Weakly Collisional Perpendicular Shock Simulation Evolutio
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lon energization



Simple Perpendicular lon Shock Model, Single Particle Maotion
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Perpendicular lon Shock Model Field-Particle Correlatio
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JxEx

Perpendicular Shock Results for lons in Gkeyll

Vx(Vtn,) = Ushock
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Role of the Cross Shock Electric Field

Model with cross shock
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Electron energization



Electron Evolution Through the Shock

l i
! i
25 ,Uelc/,uelc,upstream

OV A W\
—0.002 1 | | | . \-\/

|
!
g
. . . . . , . | —— Tglc/Telc,u stream
0.001 1 Ey | | B./B :
: | 3.01 z z,upstream
0.000 =LA /\\/ 5
\/ \/ ! : >
0001 - 5 |

4.0

2.09

20 21 22 23 24
x / d;

Suggests that the grad B drift is the
dominant energization

Uy / vthi

Uy / Uth,




Simple Electron Energization Model
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Including the Cross Shock Electric Field
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Contributions of Drift Components
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Choosing the Correct Frame for the Field-Particle Correlation

Have been considering only the shock rest frame
But, component ExB energization is significant, though it provides no net energization
So, let’s transform one component of it away

/ 2
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Conclusions and Ongoing Work

* The Gkeyll code provides pristine, high resolution access to full phase space dynamics.

* We have constructed a diagnostic that correlates oscillations in the electromagnetic fields
with plasma particles, the field-particle correlation.

* The field-particle correlation analysis technique has been employed to identify the phase
space structure of energy transfer via shock drift acceleration and adiabatic heating
between the fields and particles in simulations.

* The role of the cross shock potential in energizing particles was found to be minimal.

* Work is ongoing to identify these signatures within in situ spacecraft data.
e Expansion of the simulations to 2x-3v, quasi-perpendicular geometries.

e Additional particle energization processes are also being examined in simulations and
spacecraft data, e.g., stochastic shock acceleration, adiabatic heating, and reconnection.



